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Abstract 
During operation of a fourth generation reactor system it is necessarily not desirable to utilize 
an oxide fuel matrix as in light water reactor systems. One type of chemical compounds that 
has been suggested is nitride based nuclear fuel. Nitride fuels possess several characteristics 
that make them interesting for reactor operation such as high melting point, high thermal 
conductivity and better chemical compatibility compared to oxides with liquid metal coolants 
such as sodium or lead. Nitride fuel can be produced either as pure actinide nitride fuel such 
as UN or as fuel where the fissile material is diluted in an inert matrix such as (Zr, Pu)N. A 
problem with nitride fuel is the production process. Nitrides are not stable in air and 
production must thus be performed under inert atmosphere to reduce oxygen uptake in the 
material. Also residual oxygen and carbon content from production and processing is an issue 
that needs to be addressed. Spontaneous oxidation in air together with radiological safety 
concern regarding handling fine powders of actinide nitrides such as PuN for example 
provides an incitement for evaluating potential dust free processes for nitride fuel production. 
Work has been performed on production of ZrN as an inert fuel matrix by the internal sol gel 
process and subsequent carbothermal reduction. Elemental carbon suspension sols have been 
produced and gelled into microspheres. Heat treatments of the produced microspheres in N2 + 
5 % H2 gas mixture was performed during nitridation. Elemental investigation of the 
produced microspheres suggested an approximate composition of Zr(N0.7-0.8C0.2-0.3). 
Pelletization of the nitride microspheres produced pellets with blackberry structure and XRD 
measurements on sintered material also suggested a material composition of about 
Zr(N0.8C0.2). 
Keywords: Nitride, ZrN, internal sol gel, carbothermal reduction, sintering 
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1. Introduction 
 
Energy is vital in modern society. The use of electricity simplifies the lives of humans and 
today is so integrated into society that it is almost impossible to live without it. In short, 
electricity is a highly desirable product that few people if any are really willing to do without. 
The electricity must, however, be produced by some means and different production 
techniques are associated with differing environmental impact and production cost. Today 
most people agree that CO2 emissions from electricity production ought to be reduced to 
combat unwanted climate change. In electricity terms this means that in order for us to carry 
on consuming electricity the CO2-emitting technologies common in electricity production 
today, such as burning of oil and coal, need to be reduced. One technology that can contribute 
to lower CO2 emissions in the electricity sector is nuclear power. 
Electric production capacity in the world originating from commercial nuclear power totaled 
372.1 GW(e) shared between 437 reactors at the end of 2012 [IAE 13]. As of January 2013 
there were also 247 research reactors in operation worldwide. In Sweden, with its 10 
operating nuclear reactors, the nuclear sector of the power-generating industry provided 
9 395 MW(e) in 2012. In total that represented 38.1 % of electricity produced in Sweden 
[IAE 13].  
Two main drawbacks commonly associated with the use of nuclear energy are the risk of 
accidents and release of artificial radioactivity into the environment and the waste remaining 
once the fuel has been used. After the accident at Fukushima in 2011 there has been renewed 
discussion of the level of safety in nuclear power, and Germany has decided to decommission 
all its nuclear power. The basis of nuclear energy development is thus still, as it has been 
throughout the nuclear era, continuous development of safer reactors and ability to extract as 
much energy as possible from the fuel used in order to minimize the waste fraction. One 
important parameter affecting nuclear power safety and fuel utilization and behavior in-pile 
and during potential reprocessing is the chemical form of the fuel used. This thesis focuses on 
the production and characterization of ZrN as an inert matrix material produced by the 
internal sol gel technique and subsequent carbothermal reduction.  
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2. Background 
 
A nuclear reactor is essentially a water boiler. The aim of a nuclear power plant is to produce 
electricity, and the means by which this is done is production of steam that can drive turbines 
and generators that produce the desired electricity. In this respect a nuclear power plant differs 
little from a plant that generates electricity by burning material such as coal, oil or biomass, 
for instance. The way to electricity in all these cases is through steam. What makes a nuclear 
power plant different from traditional combustion-based techniques is the origin of the 
energy. In all forms of energy extraction involving combustion, the energy released originates 
from the forces that bind atoms together into molecules, the chemical bonds. In nuclear power 
production the energy does not originate from inter-atomic forces but from the atomic nuclei 
themselves. Neutron irradiation may cause heavy nuclei to fission. During fission the nucleus 
splits into two smaller nuclei and at the same time additional neutrons and energy are 
released. The energy released during a fission reaction is about 200MeV [CHO 02]. Using 
235
U as an example, the overall fission reaction thus becomes 
 
235U + n → 2 fission fragments + 2 – 3 n + ~200 MeV energy  (1) 
This is to be compared to conventional combustion where the energy released per reaction is 
of the order of a couple of eV. Nuclear power is thus an extremely energy-dense technology 
compared to other means of extracting energy. 
Nuclear reactors come in various shapes and sizes. Over the years since the dawn of nuclear 
reactors several different reactor concepts have been developed. Sometimes the term 
generations is used as an overview of emerging reactors during nuclear power evolution. The 
first generation of reactors, developed in the 1950s and 1960s, was that of metal-fueled 
prototype reactors. The second generation of reactors was the first reactor fleet of commercial 
power producing reactors, introducing amongst others light-water reactors such as the Boiling 
Water Reactor (BWR) and the Pressurized Water Reactor (PWR). Reactors built today and 
over the past few years belong to the third generation of nuclear reactors and mainly comprise 
what are known as Advanced Light Water Reactors, which is a development of the second 
reactor generation. There is an ad hoc enhancement of the generation III reactor concept that 
may make up the next wave of reactors, the generation III+ group. Generation III+ are 
conceptually generation III reactors but are refined and further developed. A feature common 
to all reactor generations discussed so far is that they operate using thermal neutrons and 
utilize 
235
U as the fissile part of the fuel. 
As well as the reactors discussed so far there is another group of nuclear reactors. A group 
that has been around since the 1950s but not reached a commercial power-producing level and 
that is the fast neutron reactors. These types of reactors are potentially able to use the nuclear 
fuel much more efficiently than the commercial reactors of today. Fast neutron reactors can 
also be designed as breeder reactors. This means that fast neutron reactors can produce more 
fissile material from neutron capture in 
238
U than they consume during operation. This would 
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allow much more effective use of the fuel compared to commercial reactors used today. Fast 
neutron reactors would also be able to use actinides higher up in the periodic table than 
uranium as fuel. Since such actinides are being net produced in present-day reactors it would 
be possible to use what today is considered to be waste as a future fuel. 
To be able to utilize present-day nuclear waste as novel nuclear fuels there is a need to be able 
to recycle the desired actinides from the used fuel. This means that the more or less open 
once-through fuel cycle used in nuclear power today has to be closed. This implies that a 
fourth generation of nuclear energy should not be thought of as merely a reactor concept but 
rather as an entire system including separation and re-fabrication of nuclear fuel in the 
process. The actinides desired for recycling in a generation IV system cause a significant 
increase in radioactivity and dose rate during separation and fuel re-fabrication. Therefore 
new methods for fuel production need to be investigated in order to develop the safest fuel-
handling process possible. A fast reactor fleet would also mean that different requirements 
have to be met by the materials used in the reactors compared to earlier reactor generations. 
For potential commercialization of fast neutron reactors it is thus necessary to investigate and 
develop novel types of materials as cladding materials, core coolants and, last but not least, 
new chemical compositions of  the nuclear fuel. Figure 1 illustrates the development of 
different reactor generations. 
 
Figure 1. Schematic illustration of the development and predicted evolution of nuclear reactor generations. 
 
2.1. Thermal nuclear reactors 
The vast majority of commercial nuclear power production at present is based on moderated 
water cooled reactors [IAE 13]. In a moderated reactor the highly energetic neutrons emitted 
by fission are slowed down, also called thermalized, to what is called the thermal energy 
region [CHO 02]. A neutron that is thermal possesses energy in the region of KBT, where KB 
is Boltzmann’s constant and T is the absolute temperature measured in Kelvin, and the kinetic 
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energy of a thermalized neutron is about 0.025 eV. The reason for wanting to thermalize the 
neutron flux in a nuclear reactor is that the reactivity of the neutrons or probability of 
interaction with atomic nuclei, if one wishes, is highly dependent on the energy of the 
neutrons. The moderator may shift for example between graphite, light water and heavy 
water. When water is used as moderator it is simultaneously utilized as a heat carrier, 
removing the heat produced by the core to the electricity-producing turbines. When graphite 
is used as a moderator the heat is removed by using flow channels through the core and the 
heat-carrying medium is either water or gas. Thermalization of the neutrons occurs by elastic 
scattering reactions with low-weight atoms such as hydrogen or carbon, where energy is 
transferred to the atom nucleus upon impact. This can be visualized as being like when a 
moving cue ball hits a stationary one: after the collision the kinetic energy will have divided 
between the two balls and the initially moving one will have slowed down somewhat. When 
the nucleus becomes heavier, on the other hand, very little energy is transferred to the nucleus 
in the scattering reaction. This can be more compared to when a tennis ball hits a brick wall. 
The tennis ball will rebound at about the same speed as its incoming speed while the brick 
wall will be stationary.  
 
2.2. Fast neutron reactors 
 A reactor which does not operate with neutrons in the thermal energy region but instead is 
run directly using the high-energy neutrons emitted by fission is said to be a fast neutron 
reactor. The probability of a neutron inducing fission in a fissile atom such as 
235
U or 
239
Pu is 
lower for high-energy neutrons than thermal ones. However, a high-energy neutron spectrum 
has the advantage of being able to effectively use a larger number of actinide nuclei as nuclear 
fuel.  The nuclei that can be utilized as fuel in a high-energy spectrum include additional 
plutonium isotopes and also isotopes of americium and curium. This makes fast-neutron 
reactors a candidate solution for transmutation of minor actinides produced in commercial 
power reactors, producing additional electricity in the process. Since moderation of neutrons 
is unwanted in fast reactors, water is not used as the core coolant and other coolants such as 
pressurized gas and liquid metals, for example sodium or lead, are favored instead. The use of 
such coolants also leads to improved neutron economy compared to moderated reactors where 
the thermal neutrons are to a larger degree consumed by neutron capture reactions in 
moderator, coolant and structure materials. The fast reactor concept is not new, and the first 
reactor of this kind was the EBR I, started as long ago as 1951 [MAT 86]. The fast reactors 
never really reached commercialization, however, the light-water moderated reactor in 
particular becoming the reactor type chosen instead. So far the fast neutron reactors have 
mostly remained at the research stage and as prototype reactors in the civil sector and in the 
military as propulsion systems for submarines [BLA 88, WAL 12]. 
Another feature of the fission induced in the fast neutron spectrum is that the average number 
of new neutrons emitted during a fission reaction will be somewhat higher than when using a 
thermal neutron spectrum. In all nuclear reactors new fissile material can be produced by 
neutron capture in fertile atoms such as production of 
239
Pu by neutron capture and 
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subsequent β- decay in 238U. A thermal reactor is basically a consumer of fuel since it uses 
more fuel during operation than it produces, however when a fast reactor is used it is possible, 
due to the higher neutron yield and improved neutron economy, to construct a reactor that 
produces more fuel than it consumes during operation. These kinds of reactors are commonly 
referred to as breeder reactors, and breeder reactors using liquid metal as coolant have come 
to form their own category of nuclear reactors known as Liquid Metal Fast Breeder Reactors 
(LMFBR) [MAT 91]. The fast reactor concept is not explicitly dedicated to breeding 
purposes, however. A fast reactor can also be utilized for burning actinides without breeding 
if using plutonium based fuels, for example, with no 
238
U mixed in or utilized as blanket 
material [ROG 11].  
The smaller reaction cross-section of fast neutrons compared to thermal neutrons results in a 
fast neutron reactor operating at a higher neutron flux compared to a moderated reactor. The 
higher neutron flux will affect the materials in the reactor by dislocating atoms in the lattice 
structures. The average number of times an atom is moved within its structure during in-core 
operation is normally expressed as dislocations per atom (DPA). This increases the demands 
for durability of the materials used in the core such as the cladding material and the fuel itself, 
since the number of times on average that the atoms in the materials will move in their 
respective structures will increase from about 1 DPA / year to about 40 DPA / year 
[WAL 11]. 
 
2.3. Nuclear fuel 
To be a suitable nuclear fuel, there are several properties that have to be fulfilled. Some are 
reactor system specific such as the ability to be compatible with the cladding material used in 
the case of pellet cladding mechanical interaction (PCMI) and displaying chemical resistance 
to the coolant used in the system. Other desired properties are more general such as high heat 
capacity and thermal conductivity. The heat capacity affects how quickly the core responds to 
some transient behaviors. This is because temperature increase in the system is coupled to the 
neutron flux profile and reactivity in the core. The thermal conductivity governs how rapidly 
heat can be transported from the core to the coolant and will affect the operational 
temperature of the fuel during in-pile performance. A fuel with higher thermal conductivity 
will allow for a lower operational temperature in the fuel. This will allow for a larger margin 
to the melting point of the fuel and increase the safety features of the reactor. 
One important property of a nuclear fuel material is its melting temperature. A high melting 
temperature is advantageous in order to keep the margin between operational temperature and 
melting temperature wide. For example if using a metallic fuel the heat conductivity will be 
high and thus the in-pile temperature can be kept relatively low. However, the melting 
temperature of metallic fuel is quite low. Ceramic oxide fuels, on the other hand, have a lower 
thermal conductivity and higher operation temperature. The melting point of oxides is much 
higher than for metals, so the residual temperature gap between operational temperature and 
melting temperature may still be wider for oxides than for metals. 
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There are several different types of chemical compounds that can be utilized as nuclear fuel. 
Nuclear fuels can be divided into two main categories, metallic and ceramic. Within the 
ceramic category there are several different types of fuel such as oxides, nitrides and carbides. 
2.3.1. Oxide nuclear fuel 
Oxide-based nuclear fuel is the most common fuel type used both today and historically. 
Normally the oxide fuel used in nuclear reactors is UO2 but there is also mixed oxide fuel 
(MOX), which consists of (U,Pu)O2. Reasons why the oxide form is the most common fuel 
type used include the fact that it is easier to fabricate compared to carbide or nitride fuels. 
Oxide fuels generally also have good high-temperature stability, high melting point and good 
chemical compatibility towards water, which is a very common core moderator and coolant. 
Today there is also a considerable experience base of operating oxide fuels since it is basically 
the chemical fuel form utilized in most power producing reactors worldwide [BLA 89]. 
2.3.2. Nitride nuclear fuel 
Nitride-based nuclear fuel has several characteristics that makes it an interesting chemical 
composition for nuclear fuel purposes. The nitride chemical forms of uranium and plutonium, 
for example, have a higher density than their oxide counterparts. The thermal conductivity is 
far higher than that of the oxides, while the melt temperature is approximately equally high. A 
summarizing comparative table of uranium and plutonium properties in their nitride 
respectively oxide form is presented as Table 1. 
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Table 1. Illustration of the heat capacity, theoretical density, thermal conductivity and melt temperature for the 
nitride and dioxide chemical compounds of uranium and plutonium. 
Property UO2 PuO2 UN PuN 
Heat capacity 
         
 J∙mol∙K-1) 
 
~86 [POP 00] 
 
~92 [POP 00] 
~ 63 [HAY 90, 
OET 72] 
 
~65 [OET 78] 
 eat capacit  
         
 J∙mol∙K-1) 
 
~94 [POP 00] 
 
~  2 [VĂL  4] 
~ 68 [HAY 90, 
OET 72] 
 
~68 
[KUR 00]** 
 eat capacit  
 2       
 J∙mol∙K-1) 
 
~116 [POP 00] 
 ~75 [HAY 90a, 
OET 72] 
 
~72 
[KUR 00]** 
Theoretical 
densit   g∙cm-3) 
10.97 [HAY 12] 11.5 [HAY 12] 14.33 [HAY 
90b] 
14.4 [HAY 12] 
Crystal structure FCC – CaF2 
type [ALL 67] 
FCC – CaF2 
type [BEG 90] 
FCC – NaCl 
type [ALL 67] 
FCC – NaCl 
type [GAN 97] 
 elt 
temperature     
 
2847 [HAY 12] 
 
2428 [ADA 85] 
2780 
decomposition 
under 1 bar N2 
[OLS 63] 
2570 
decomposition 
under 1 bar N2 
[OET 67] 
Thermal 
conductivit  
          
 W∙K-1∙m-1) 
 
~2.8 [POP 00]* 
 
~3 [GIB 71] 
 
~25 [KLE 99] 
 
~11 [ARA 98] 
Thermal 
conductivit  
         
 W∙K-1∙m-1) 
 
~2.1 [POP 00]* 
 
~2.2 [GIB 71] 
 
~27 [KLE 99] 
 
Thermal 
conductivit  
 2       
 W∙K-1∙m-1) 
 
~2.1 [POP 00]* 
  
~28 [KLE 99] 
 
 
*Data applicable to material with 95 % Theoretical Density (TD). 
** Data predicted by molecular dynamics simulations. 
Several of the property values presented in Table 1 are by no means constant but change with 
temperature. In order to illustrate the differences between oxide and nitride properties, 
parameter values are presented at chosen temperatures. This is done to demonstrate the 
qualitative difference between nitride and oxide fuel. Therefore a few selected temperatures 
over a wide temperature region are selected instead of full graphs describing parameter 
properties. 
2.3.3. Carbide nuclear fuel 
Carbides are chemical compounds that like nitrides are being considered as a potential 
candidate for usage as nuclear fuel. The actinide carbides share several similarities with the 
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nitrides, such as high thermal conductivity. Both actinide nitrides and carbides of, for 
example, americium also display degradation and volatilization during production and 
sintering at high temperatures, and this behavior is more pronounced in the carbide than 
nitride [WAL 11]. As a general comparison, nitrides have somewhat higher melt temperature 
and metal density [SOM 11, BEN 69]. In powder state the actinide carbides display 
pyrophoric characteristics in air. This is, however, a property also shared by fine powders of 
actinide nitrides. Compared to nitrides, carbides possess better neutron economy during in-
pile operation due to lower production of 
14
C. This also makes carbides easier to fabricate in 
the sense that nitrides require the use of 
15
N in order to lower 
14
C production by (n, p) reaction 
on 
14
N during in-pile operation [MAT 86]. Carbides as a nuclear fuel material constitute a 
research field of their own and will not be covered as a nuclear fuel material within this thesis 
but only as an undesired residue solution in produced nitride fuels. 
 
2.4. Fuel types and geometries 
The most common physical form of nuclear fuel used in power generating reactors is the fuel 
pellet. A fuel pellet is cylindrically shaped and has height and diameter both of roughly 
10 mm, although some variations in physical dimensions do occur. A nuclear fuel core is 
made up of fuel assemblies, each of which constitutes a separate movable unit which is loaded 
into the reactor core during fuel exchange. Every fuel assembly in turn is made up of fuel 
pins. The fuel pins are hollow tubes in which the nuclear fuel pellets are stacked on top of 
each other. 
There are, however, different ways of filling a fuel pin, apart from stacking pellets. One 
possibility would be to produce small spheres in a size range of 100 – 2000 µm, normally 
referred to as microspheres. These microspheres can then be poured directly into the fuel pin, 
and this is commonly referred to as a sphere-pac type of fuel [BAR 08]. It is also possible to 
produce fuel elements where the microspheres are dispersed in a graphite matrix [CHA 08]. 
Traditional pellet-based nuclear fuel can also be produced from microspheres by conventional 
pellet pressing. These spheres are produced by a set of wet chemical techniques known as sol 
gel. The basis for sol gel chemistry within the nuclear fuel field is the solidification of actinide 
solutions by forced gelation/precipitation in the form of small spheres or droplets. The 
spherical shape is obtained by presenting the start sol to an immiscible medium such as 
organic diluents or gas phase. The different sol gel production techniques for nuclear fuel 
microspheres are external gelation, internal gelation, IChTJ and the double extraction process. 
One of the main advantages of using sol gel techniques for nuclear fuel fabrication is that the 
microspheres produced pose a smaller radiotoxic hazard than when working with powder 
materials [GAN 93]. 
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2.5. Introduction to sol gel techniques for nuclear fuel production 
In the external gelation process the sol consists of an actinide solution and possibly viscosity 
and surface tension-modifying agents such as polyvinylalchohol (PVA) and tetrahydrofurfuryl 
alcohol [FU 04, VER 07]. The sol is pumped through a nozzle to break it up into droplets. The 
droplets subsequently fall through an ammonia-containing gas phase. The ammonia reacts 
with the surface of the droplet resulting in a rapid pH increase in the droplet surface. This pH 
increase causes the metal ions in the droplet to hydrolyze and form a protecting shell on the 
droplet surface. The surface gelled droplets then fall into an NH4OH (aq) solution where 
diffusion of OH
-
 into the microspheres causes all metal ions inside to solidify. 
The IChTJ process starts from a metal nitrate and citric acid solution. The start sol is pH-
calibrated to around 4. The sol is then emulsified in dewatered 2-ethyl-1-hexanol (2EH) 
containing a nonionic surfactant called SPAN 80. Water is extracted into the 2EH, forcing the 
metal ions in the sol emulsion droplets to gel once the water content in the droplets has 
become too low to support a solution [BRY 14]. 
The double extraction process works very similarly to the IChTJ process and is basically an 
extension of it [BRY 14]. The difference is that in the double extraction process a rather long-
chained primary amine is mixed into the 2EH. The amine coextracts nitrates during gelation. 
The idea in extracting nitrates from the sol during gelation is to reduce the tendency for the 
produced microspheres to fracture during subsequent heat treatments. Nitrate constitutes a 
problem during heat treatment since it can rapidly decompose into gaseous products. The gas 
products can then cause mechanical damage on the microspheres as they escape out into the 
surrounding atmosphere. 
In the internal sol gel technique the start sol is a metal nitrate solution to which gelation 
chemicals are added. The gelation chemicals added are urea and hexamethylenetetramine 
(HMTA). Just as in the external gelation process the sol is then dripped through a nozzle. The 
difference is that in the internal gelation process the sol is dripped into an organic diluent, 
typically silicone oil. The silicone oil is heated up to typically between 50 and      , 
depending on sol composition [VAI 08, POU 09], and the heat causes HMTA to chemically 
decompose. The HMTA decomposition raises the pH in the solution and induces a gelation 
reaction. It is the internal sol gel process that has been studied within the scope of work in this 
thesis. 
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3. Theory 
 
3.1. Nitrides as a nuclear fuel ceramic 
Nitrides have long been considered to be a candidate material for use as nuclear fuel. The 
reason for this is that nitrides possess several properties that are beneficial for a nuclear fuel to 
have, such as high thermal conductivity, high melt temperature, high fissile material density 
and compatibility with liquid metal coolants such as sodium and lead.  
A nuclear fuel does not necessarily have to be completely composed of actinide-containing 
chemical compounds such as UN or PuN. In order to lower the amount of, for example, Pu in 
a ceramic nuclear fuel material such as PuN, a second inert phase can be added. Such a fuel is 
then defined as either a CERCER (ceramic in ceramic) fuel, which is a fuel type where the 
solid fuel diluent is another ceramic, or, if the solid diluent is a metal, the fuel is called a 
CERMET (ceramic in metallic) fuel. The combined name for these types of fuel is inert 
matrix fuels (IMFs). 
ZrN is one material suggested as a solid diluent material for nitride-based nuclear fuel 
[KLE 99]. Just as UN and PuN, ZrN crystallizes within the FCC–NaCl structure and the UN, 
PuN and ZrN system possess the benefit of forming solid solution materials instead of a 
phase-separated matrix [GAN 97, STR 03, KLE 99, HOL 68]. ZrN also displays high thermal 
conductivity, allowing it to be utilized as an inert matrix without compromising the heat 
transfer benefits that actinide nitride fuels offer. ZrN has also been shown to be compatible 
with liquid sodium, which is one of the candidate coolants in LMFBRs. Mixed (Zr,Pu)N fuel 
is of interest for reactor design due to its favorable neutron economy during in-core operation 
[WAL 09]. 
3.1.1. Thermal conductivity of nitrides 
As can be seen in Table 1, uranium and plutonium nitrides have much higher thermal 
conductivity than the corresponding oxides, typically around a factor 10 higher. High thermal 
conductivity is a property which is shared also by zirconium nitride. The nitride form of U, Pu 
and Zr, also displays an increase in thermal conductivity with increasing temperature 
[ARA 98, CIR 09]. The difference in thermal conductivity between the oxide and nitride form 
during reactor operation will be that the temperature gradient within a nitride based nuclear 
fuel will be much smaller than in the oxide case. A lower temperature gradient within the fuel 
pellets consequently results in a lower center temperature of the fuel pellets. Together with the 
fact that the nitrides have melting points that are equal to or surpass those of the oxide forms 
[KLE 99, HAY 12], this means that there will be a larger temperature safety gap between the 
centerline operation temperature and the melting temperature of the fuel. 
3.1.2. Melting temperature 
The melting temperature of UN, PuN and ZrN is not fixed but both temperature and the 
melting process itself depend on the partial pressure of N2 in the surrounding atmosphere 
12 
 
[KLE 99, OLS 63, OET 67, OLS 64]. At one bar of N2 neither UN nor PuN melts but they 
decompose, the decomposition temperature being 2      for U  and 2      for  u    t a 
pressure of three bar U  has a congruent melting point of 2       hile  u  melts 
incongruently at three bar N2   r  is reported to melt at 2       
3.1.3. Drawbacks of nitrides 
Several drawbacks of nitride-based nuclear fuels have also been pointed out and are worth 
mentioning. First of all there is the problem of 
14
C production in nitride fuels during reactor 
operation. The 
14
C produced in the reactor can be taken care of during reprocessing and 
solidified and bound as carbonates and diluted out in, for example, concrete. This, however, 
produces a new waste fraction that must be managed. Fourth-generation reactor systems and 
fuel cycles aim at lowering the radio-toxicity and required storage time of the finally 
produced waste. It would thus somehow go against its own purpose to use a fuel that gives 
rise to an additional radioactive waste fraction. The 
14
C problem arises from the fact that 
14
N 
produces 
14
C by (n,p) reaction. The consumption of neutrons when using 
14
N also lowers the 
neutron economy of the system compared to when using oxide-based ceramic fuels 
[MAT 91]. These problems can, however, be overcome by producing nitrides using 
15
N 
enriched nitrogen, and thereby counteracting the production of 
14
C and improving neutron 
economy. The downside is that the 
15
N constitutes only a small fraction of the nitrogen in the 
atmosphere and the cost of producing and recovering the enriched 
15
N is added to the fuel 
production cost. 
The production of nitride-based nuclear fuel is also somewhat inconvenient. The nitrides are 
not stable towards oxidation by air, so that manufacturing has to be performed under inert 
atmosphere conditions. There is also a problem regarding pyrophoricity when working with 
nitride powders. This is a problem that can be diminished by avoiding working with fine 
powders. One way to minimize powder handling would be to avoid having powders at all 
during process handling. This can be accomplished, for example, by producing microspheres 
as fuel pellet precursors by sol gel techniques. 
In water-cooled reactors nitrides could in theory be utilized as chemical form of the fuel but 
actinide nitrides such as pure UN are not stable towards water at elevated temperature. 
Degradation of UN into UO2 and NH3 would destroy the fuel in the event of a rupture of a 
cladding tube [RAM 91]. 
When producing nitride-based nuclear fuels it is also important to minimize remaining 
contaminants in the nitride such as carbide and oxide. The dissolution properties of nitrides 
have not yet been thoroughly studied, but oxides contribute to making the dissolution of the 
fuel more difficult during reprocessing. Carbon can be a problematic element during in-pile 
operation. During swelling if the fuel comes into contact with the cladding, carbon can 
migrate to the cladding material. This carburization process of the cladding material causes 
embrittlement and reduced mechanical strength of the cladding tube.  
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3.1.4. Nitride production techniques 
There are several different ways of producing nitrides such as hydriding/nitriding reactions. 
This is a technique that utilizes metals as staring material. Reactive ball milling is a technique 
which also uses metals as starting material. Oxidative ammonolysis is a method that starts 
from metal oxides. Carbothermal reduction is a process that also uses metal oxides as starting 
material and is considered to be the only economically feasible reaction route for large-scale 
processing [BER 89]. 
During the hydriding/nitriding process the metal used is first heated in a hydrogen-containing 
atmosphere, typically H2 in Ar. The formed hydride has a lower density than the metal, which 
causes the volume of the material to increase and hydride to fall off the metal as powder, 
exposing new metallic surface to the reaction gas. The hydride is then converted into nitride 
by either direct reaction of the hydride with nitrogen gas at elevated temperatures or by 
dehydriding to metallic state in an inert atmosphere followed by nitridation of the metallic 
powder in N2 gas [OI 72]. When ZrN is produced by this method a milling step is required 
since hydriding of zirconium metal forms ZrH2 which is a very brittle material but does not 
automatically form a powder, unlike when hydriding for example uranium [PAR 11]. 
Reactive ball milling is a technique where the metal is milled into a fine powder under a 
nitrogen atmosphere. Formation of nitride using this method has been shown to work when 
milling at room temperature and atmospheric pressure of N2, however the ball to material 
ratio used is however quite high and long milling times are required [SHE 00]. 
Oxidative ammonolysis is a production route that starts from metal oxides rather than metals. 
It has been proven to work for the synthesis of UN from UO2 [YEA 08]. The process is 
carried out by mixing UO2 with NH4HF2 to produce (NH4)4UF8 at room temperature. The 
(NH4)4UF8 is then reacted with NH3 at elevated temperature to produce UN2 and denitrided to 
UN by heating in an argon atmosphere. 
The carbothermal reduction process starts from metal oxides and elemental carbon. Nitrides 
are produced by heating this mixture in an N2 or N2 + H2 atmosphere. The metal oxide and 
carbon can be directly mixed as powders and pressed into thin clinkers prior to carbothermal 
reduction. This does, however, require the metal oxide to be handled in powder form. Powder 
handling would then be required both during mixing with carbon and when pressing fuel 
pellets. This is because the produced thin nitride discs would have to be ground before 
pelletization. One method to avoid this powder handling is to produce microspheres by a sol 
gel process. Through this process it is possible to produce microspheres that contain both the 
carbon material and the metal oxide at the same time. Microsphere production through sol gel 
processes also minimizes the requirement of powder handling. 
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3.2. Internal Sol Gel 
The internal sol gel process was originally developed in the KEMA laboratories in the 
Netherlands [KAN 74, BRU 70]. The process was developed for production of UO2 fuel 
kernels. In the internal sol gel procedure, the gelation agents are added to the sol gel feed 
broth. By contacting the sol with an immiscible heat transfer agent such as silicone oil the 
gelation chemicals are thermally degraded. This thermal degradation causes an increase in pH 
to occur and the pH increase starts the gelation of the metal nitrate solution. The fact that the 
gelation chemicals used in the internal sol gel process are degraded by heat requires the sol to 
be prepared at lo  temperature, t picall    – 4   [V   87]. The sol is dripped from a nozzle 
either down into a stationary bath of heated silicone oil or into a heated laminar flowing oil 
stream. The nozzle is used to form droplets which upon gelation form solid spheres, 
commonly referred to as microspheres. 
The gelation chemicals used in the internal sol gel process are urea and 
hexamethylenetetramine (HMTA). The urea is added with the purpose of forming stabilizing 
complexes with the metal ions, preventing premature gelation. When the sol is heated in the 
silicone oil the urea decomplexes and HMTA degrades and thus induces gelation of the sol 
[APA 12]. In order to minimize the gelation chemicals needed in the gelation step, acid 
deficient uranyl nitrate solution (ADUN) is often used as starting metal nitrate solution 
[VAI 87]. A stoichiometric uranyl nitrate solution has a nitrate to uranium molar ratio of two. 
In ADUN the nitrate to uranium ratio can be varied between about 1.5 and 2. 
There are several different parameters that are of importance when preparing microspheres 
according to the internal sol gel procedure. Among the more obvious ones are of course the 
concentrations of metal nitrate, urea, and HMTA as well as carbon source material. Several 
different types of carbon additives have been utilized as carbon source and include graphite 
powder (roughly 10 µm size particles, Acros Organics), carbon nano powder (CNP) (particle 
size around 200 nm, Supelco), multi-walled carbon nanotubes (CNT) (size 5 µm in length and 
6 – 9 nm in outer diameter, Aldrich) and sucrose as a carbon source dissolvable in the sol. 
Other parameters that are of importance to the microsphere preparation are what temperature 
is used for the oil heating bath, what kind of and what amount of concentration of dispersing 
agents is used (if any) for obtaining a good suspension of the carbon material, what kind of oil 
is used as heat carrier, if any vibration of the nozzle is being used and at what frequency. 
Uranium is the element that has been most thoroughly studied in the internal sol gel process, 
and the main reaction steps when the sol is heated are [COL 87] 
Decomplexation of urea 
UO2[CO(NH2)2]2
2+
 ↔ 2 O   2)2 + UO2
2+
   (2) 
Hydrolysis of the uranyl ions 
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UO2
2+
 + 2H2O ↔ UO2(OH)2 + 2H
+
    (3) 
HMTA protonation 
(CH2)6N4 + H
+
 ↔ [   2)6N4H]
+
    (4) 
HMTA decomposition 
[(CH2)6N4H]
+
 + 3H
+
 4NO3
-
 + 6H2O ↔ 4  4
+
 + 4NO3
-
 + 6CH2O  (5) 
where consumption of H
+
 by HMTA is the mechanism which drives the reaction forward. 
The formation of the monomer UO2OH
+
, dimer (UO2)2(OH)2
2+
 and trimer (UO2)3(OH5)
+
 
species of the hydrolyzed uranyl ion have also been reported to form during the hydrolysis 
reaction, indicating that this is at least partially a polymerization reaction and not just a 
precipitation. These oligomers are also present in the ADUN solution when the gelation 
chemicals have not been added; when HMTA is used as hydrolysis agent the dominantly 
formed oligomer is the trimer. The formed microspheres also contain the protonated HMTA 
molecule [(CH2)6N4H]
+
 incorporated as intercalated cations in the gel [KIN 90]. Washing of 
the produced microspheres is necessary before drying. First the microspheres are washed 
typically in CCl4 or petroleum ether to remove silicone oil from the surface of the 
microspheres. A second washing in NH4OH (aq) is then performed in order to remove 
unreacted HMTA, urea and NH4NO3 from the microspheres. If the residual gelation 
chemicals are not washed out from the microspheres there is an increased problem with 
cracking of the microsphere during drying and subsequently also during heat treatments when 
the residual chemicals are gasified if not removed [HUN 10]. Ageing of the produced 
microspheres in NH4OH is also performed in order to make sure that all metal in the 
microspheres is gelled / precipitated. During washing and ageing of the microspheres in 
NH4OH the [(CH2)6N4H]
+
 ions are exchanged for ammonium ions and the structures present 
in the microspheres become UO3∙2H2O, UO3∙0.25NH3∙1.75H2O and 2UO3∙NH3∙3H2O 
[KIN 90, LLO 76]. 
The gelation procedure of zirconium-containing sols in the internal sol gel process has not 
been as extensively studied as the gelation reactions for uranium containing sols, but it has 
been suggested that zirconium is solidified in the form of hydrated zirconium hydroxide from 
zirconium tetramers in the sol [BEN 08, HAG 04, TSU 99] 
[Zr4(OH)8(H2O)16]
8+
 + 8H2O → [ r4(OH)16∙16H2O] + 8H
+
  (6) 
 
When producing americium-bearing microspheres the ageing step in NH4OH is of importance 
in order to induce the americium to precipitate in the gel. The americium does not 
coprecipitate together with the uranium and plutonium, but during washing and ageing the 
americium will precipitate in the pores of the gel structure. The coprecipitation behavior in 
zirconia gels is yet to be investigated [LED 96]. 
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No detailed chemistry for the gelation of microspheres from only plutonium containing sols 
has been encountered in the literature regarding the internal gelation process. Work has been 
performed at ORNL on pure plutonium sols, but it has done been on the extraction principle 
where water and HNO3 is removed from the droplets, thereby forcing a gelation to occur 
[LLO 78]. 
The internal sol gel process can be used as the primary step for producing different kinds of 
nuclear fuel ceramics such as oxides, nitrides or carbides when starting from a metal nitrate 
solution. When making oxide microspheres with the internal sol gel process, it is sufficient to 
prepare a sol containing metal nitrate solution plus gelation chemicals. Carbon particles can 
be optionally added to the sol to act as a pore-forming agent during subsequent calcination 
during oxide microsphere production. When the aim is to produce nitrides or carbides from 
the microspheres obtained by the internal sol gel procedure, a carbon source is required to be 
added to the sol in order to be able to convert the produced oxide microspheres into 
nitrides/carbides by carbothermal reduction. If carbide production is intended the 
carbothermal reduction is performed under an inert atmosphere or vacuum. Nitride production 
is performed under a non-oxidizing, N2 containing atmosphere [TAN 94]. In order to get the 
carbon dispersions to be more stable during the gelation process, additives that work as 
dispersion agents can be used in order to increase the stability of the particle suspension. 
 
3.3. Dispersion agents and carbon dispersion 
A dispersion agent is a substance that facilitates and/or improves the separation of solid 
particles in a solution. Typically either surfactants or block copolymers, or a combination of 
these, are used as dispersants. There are two main mechanisms for increasing dispersion 
stability, steric and electrostatic repulsion. Both repulsion mechanisms work by counteracting 
a decrease in entropy that arises when the ions or the ethylene oxide chains on the particle 
surfaces approach each other [HOL 03]. 
There is a need to increase the dispersion efficiency of the particle based carbon material 
introduced into the sol (i.e. not sucrose but all solid non-dissolvable carbon species). Carbon 
nanotubes are, for example, by nature very poorly dispersed in aqueous solutions without any 
chemical additions. If the carbon material utilized in the sol is not efficiently dispersed, 
settling of the material will occur in the gelation process. The produced microspheres will 
then have a very uneven carbon distribution, which will affect the nitridation by carbothermal 
reduction of the microspheres. 
 
3.4. Carbothermal reduction 
In analogy to the case with the internal sol gel process, the carbothermal reduction step for 
making UN and mixed (U,Pu)N from carbon containing oxide microspheres is studied more 
closely and in higher detail than the corresponding reactions for producing ZrN and (Zr,Pu)N. 
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When producing uranium nitrides by the internal gelation process, microspheres formed in the 
gelation step will be approximately in the form of UO2(OH)2. The microspheres have to be 
converted into oxides before carbothermic reduction and formation of uranium nitride can be 
performed. The hydroxides can be converted into oxides by heating in an inert atmosphere. 
However, for materials where higher oxidation states can exist than the dioxide, such as 
uranium oxides, there is a need to adjust the oxidation state and form the dioxide before 
carbothermal reduction is possible. Reduction to stoichiometric dioxide can be performed by 
heat treatment in a hydrogen-containing reducing atmosphere according to reaction 7 [LED 
92]. 
UO2+x + xH2 → UO2.0 + xH2O    (7) 
The drawback of using hydrogen to reduce higher uranium oxides to UO2 is that a certain loss 
of carbon from the microspheres can occur due to reaction 8 [MUK 93]. 
C (s) + H2O  g  →  O  g  +  2 (g)    (8) 
An alternative possibility to produce stoichiometric UO2 is to use an over-stoichiometric 
amount of carbon in the microspheres and form UO2 by the overall reaction [MUK 90, 
MUK 91]. 
UO3 +      → UO2 + 0.5CO2 (g)    (9) 
Carbothermal reduction is then subsequently performed on the carbon containing metal oxide 
microspheres. The reaction can be performed in a variety of atmospheres like pure N2, N2-H2 
mixtures and NH3 [MUK 91, GAN 91, ALL 67, MUR 77]. 
When carbothermal reduction is performed on UO2 in pure N2 at atmospheric pressure and 
temperatures below around 1723 K, the overall nitride formation proceeds according to 
reaction 10 [MUK 91]. 
UO2 + 2C (s) + 0.5N2 → U  + 2 O  g     (10) 
If the temperature is higher than 1723 K a carbonitride intermediate material will form 
according to reaction 11 [MUK 91]. 
UO2 + (2 + x)C + [(1 – x)/2]N2 → U 1-xCx + 2CO   (11) 
If heating is continued after the carbonitride is formed, elimination of carbon from the 
structure continues through reaction 12. 
UN1-xCx + (x/2)N2 → U  + x     (12) 
Reaction 12 is, however, only driven forward if the formed carbon is removed either by 
reaction with residual UO2 or by reaction with hydrogen. 
From the cabonitride state, carbon can be removed by reaction with hydrogen and formation 
of short-chain hydrocarbons, illustrated in reaction 13 as methane. 
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UN1-xCx + (x/2)N2 + 2xH2 → U  + x  4   (13) 
Free elemental carbon can also be removed by formation of hydrogen cyanide if hydrogen is 
present in the reaction gas [BAR 92] 
H2 + N2 + 2  ↔ 2        (14) 
The HCN can in turn react further, forming cyanogen and cyanamide 
2    ↔     2 + H2     (15) 
(CN)2 + H2 ↔   2H2 + C     (16) 
Elemental carbon may be reformed according to reaction 16. However, it is clear that the 
unwanted formation of elemental carbon can be minimized by removal of hydrogen cyanide 
and cyanogen in the reaction gas flow. 
Carbothermal nitridation studies have also been performed on mixed UO2, PuO2 materials, 
and the reaction mechanisms that have been suggested show great similarities to those of 
nitridations of pure UO2 [PAU 88], see reactions 17 and 18. 
(UO2, PuO2) + (1 – y)N + (2 + z)  →  U, u  1-yCy + (z – y)C + 2CO (17) 
(U,Pu)N1-yCy + (z – y)C + (y/2)N2 + 2zH2 →  U, u   + z  4   (18) 
The nitridation reaction can also proceed by direct reaction between metal oxide and 
hydrogen cyanide [BAR 92] 
(UO2, PuO2  + 2    →  U, u   +  2 + 2CO + (1/2)N2  (19) 
 
The carbothermal reduction process for producing nitrides from zirconium oxides has been 
studied by Pialoux et al. [PIA 91] and several different temperature-dependent reactions have 
been proposed. 
The first part of the reaction is the formation of oxynitride in the temperature range 
1423 ≤ T ≤ 1883 K by the reaction 
ZrO2 + xC +(y/2)N2 →  rO2-xNy + xCO    (20) 
The reaction can then proceed by direct nitride formation in the temperature range 
1673 ≤ T ≤ 1783 K if graphite carbon is used as carbon source by 
ZrO2-xNy + (2 – x)C + ((1 – y)/2)N2 →  r  +  2 – x)CO  (21) 
If the temperature exceeds 1783 K there will instead be formation of carbonitride by 
ZrO2-xNy + (2 – x + z)C + ((1 – y – z)/2)N2 →  r 1-zCz + (2 – x)CO (22) 
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3.5. Pelletization and Sintering 
 
 
3.5.1. Pelletization 
Pellet pressing is performed by mechanical compaction of a starting material that consists of 
freely moving entities such as powders, granulates or microspheres. The material to be 
pelletized is put into a pressing die and a plunger is inserted into the die and pressed onto the 
sample. The mechanical compaction causes the individual particles in the free-flowing 
material to be forced close enough to each other that an adhesive force arises between the 
different particles. In the case of pressing pellets from microspheres or some sort of granulate, 
for example, the compaction pressure causes more or less destruction of the initial material to 
reach any higher levels of adhesive strength between the particles in the formed pellet. The 
newly pressed, often mechanically quite weak body is normally referred to as a green pellet. 
If there are difficulties in forming a green pellet of desired density and mechanical strength, 
additives can be used to improve the performance during pressing. The additives may serve 
different purposes such as acting as a binder between the particles to increase strength or 
acting as a lubricant for facilitating pressing without equipment becoming stuck in the 
pressing die. Additives can also be added in order to improve sintering characteristics.  
3.5.2. Sintering 
Sintering is a process that is based on heat-induced densification of solid materials. The 
thermodynamic driving force for sintering phenomena is minimization of surface free energy 
by consolidation of grain boundaries. Three driving mechanisms for sintering are [RAH 03]: 
 Curvature of the particle surfaces 
 Externally applied pressure 
 Chemical reactions 
These mechanisms are the reason that causes sintering to occur, but the physical densification 
itself is facilitated by movements of atoms within the material structure. In crystalline solids 
there are always defects present in the otherwise ordered structures, and it is through the 
defects that atomic transport mainly takes place. The equilibrium defect density in a 
crystalline material is dependent on the temperature of the material. Since the lowest possible 
energetic state in a crystal structure is a perfectly ordered one, the thermodynamic driving 
force for forming defects in a crystal is lowering of free energy by increase in entropy 
[SMA 05]. 
Crystalline materials normally contain different types of defects, which can be categorized as 
[RAH 03]: 
 Point defects 
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 Line defects 
 Planar defects 
When spherical particles adjacent to each other sinter together, they do so by neck growth. In 
practice, this means that the particles sinter together at their respective contact points to one 
another, forming “necks”  There are several different kinds of mass transport mechanisms 
during this kind of neck growth but only some of them lead to densification of the material. 
The mass transport mechanisms are [RAH 03, RIE 11]: 
 Surface diffusion 
 Lattice diffusion from particle surface to the neck 
 Vapor transport 
 Grain boundary diffusion 
 Lattice diffusion from the grain boundary 
 Plastic flow 
Out of these mechanisms, the first three are non-densifying mechanisms. This means that they 
do lead to neck growth between grains but they do not transport material to pores forming 
between the neck growth areas of particle clusters. The grain boundary diffusion and lattice 
diffusion from the grain boundaries are mechanisms that do promote translation of material 
from the grain and neck boundary towards the pore. The plastic flow mechanism also leads to 
neck growth and densification during sintering but is more commonly observed during 
metallic sintering than ceramic [RAH 03]. Figure 2 illustrates schematically the 6 different 
material transport mechanisms possible when sintering spherical objects. 
 
Figure 2. Schematic picture indicating the transport mechanisms occurring during sintering. The different 
arrows indicate 1 Surface diffusion, 2 Lattice diffusion from the surface, 3 Vapor transport, 4 Grain boundary 
diffusion, 5 Lattice diffusion from the grain boundary and 6 Plastic flow [RAH 03]. 
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3.6. Characterization 
 
3.6.1. Scanning Electron Microscopy and Energy dispersive X-ray Spectroscopy 
Scanning Electron Microscopy (SEM) is a technique for imaging of surfaces with the use of 
an electron beam. The electron beam is normally generated by heating a tungsten filament. 
The emitted electrons are then accelerated by an electric field to a kinetic energy of about 10 – 
20 keV. The sample that is to be investigated is normally attached to a sample holder using an 
adhesive carbon tape. The sample is subsequently inserted into a measurement chamber and 
the chamber is evacuated. The advantage of using an electron microscope compared to a 
traditional optical microscope is that the very small wavelength of an electron material wave 
can provide a higher resolution compared to an optical microscope. In a scanning electron 
microscope the image is generated by moving a focused electron beam back and forth over 
the sample. The electrons leaving the sample surface contain information about the surface 
that with mathematical treatment can be converted into an image of the surface. There are two 
different possible electron imaging techniques when running SEM, back-scattered electron 
imaging and secondary electron imaging. When using secondary electron imaging techniques, 
the electrons detected and used for producing the image originate from the measured sample 
and are ejected from the sample by energy transfer from the scanning electron beam. The 
back scattered electron detection technique produces the image by detection of the electrons 
that ricochet back from the surface. The back scattering probability of an incoming electron 
increases with the atomic number of the atoms on the analyzed surface. Therefore this 
detection technique can produce a contrast difference in the image if the analyzed sample is 
made up of separate regions of different atomic species. The result will be that an area 
consisting of heavier atoms such as uranium will produce a brighter image compared to an 
area containing, for example, zirconium. 
Energy dispersive X-ray spectroscopy (EDX) analyzes and quantifies the elemental 
composition of the scanned surface by identifying characteristic X-rays emitted from the 
atoms on the surface. The X-rays are generated during de-excitation of valence electrons to 
low energy states in the atoms. The low-energy states become unoccupied when enough 
energy from the electron beam is transferred to inner orbital electrons to allow them to 
overcome the energy potential barrier that binds them to the atom nucleus. The emitted X-rays 
will thus be of specific energies unique to every element in the periodic table. When electrons 
accelerate they emit light. The deceleration of electrons upon impact with the investigated 
material surface will therefore give rise to additional X-ray emission. These X-rays are 
commonly referred to as bremsstrahlung. The bremsstrahlung overlaps with the low energy 
X-ray region of the EDX spectrum resulting in increased difficulty for accurate identification 
and quantification of measured X-ray peaks in the low-energy region of the EDX spectrum. 
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3.6.2. SEM/EDX measurements 
The scanning electron microscope used for SEM characterization was a Hitachi TM 3000 
with a back scatter electron detection system. This electron microscope scans in the X, Y 
plane, but the electron beam is stationary in Z direction. The sample holder was therefore 
height-adjusted in accordance with the microscope specifications before insertion into the 
microscope in order to obtain good focus of the electron beam. The microspheres were 
mounted on the aluminum sample holder using a carbon adhesive tape. When doing 
microscopy on pressed pellets no tape was used. The pellet was put directly on the aluminum 
sample holder. 
The EDX measurements are performed during SEM characterization. The sample preparation 
was thus the same as for the SEM sample preparation. The software used for EDX 
measurements and data handling was Quantax 70. For calibration of the EDX energy 
spectrum cupper metal tape was used as reference material. 
3.6.3. X-ray diffraction 
X-ray diffraction (XRD) is a technique where the crystal structure of a material can be 
determined using X-rays. When monochromatic X-rays hit the sample surface a constructive 
diffraction pattern can arise in the reflected X-ray beam depending on the angle of the 
incoming X-ray beam. What angles give rise to constructive interference is determined by the 
wavelength of the X-rays and the spacing between the diffracting planes in the crystal as 
dictated b  Bragg’s la   Depending on the cr stal structure and the atomic distances in the 
measured material, constructive interference will arise at different angles producing an angle-
dependent diffraction spectrum  Traditionall  the measurement angle Θ is plotted as 2Θ in the 
diffractogram. This spectrum can be thought of as a sort of a “thumb print” for the material 
investigated. If several different crystalline species are present in the sample measured, 
separate diffraction peaks will arise for every crystal structure present. The crystalline 
compounds present in concentrations higher than about 2 weight% in a mixture can be 
identified by comparison with standard data in the Joint Centre for Powder Diffraction 
Standards database [JCP 13]. 
Materials with the same crystal structure and similar inter-atomic distances can be difficult to 
identify separately by XRD. In addition, they can be present as solid solution instead of 
phase-separated crystal structures. An example of such a material combination would be ZrN 
and ZrC, which both crystallize within the FCC-NaCl type of structure. In a substitution solid 
solution the N and C atoms would be randomly distributed over the octahedral sites occupied 
by both atom species in the FCC-NaCl structure. In this case the diffraction pattern would not 
show the diffraction peaks of each separate chemical compound since both the nitride and 
carbide coexist in the same crystal structure. Instead one set of diffraction peaks would be 
obtained, but the peak angles would be shifted to positions between those of the diffraction 
peaks of the respective carbide and nitride. The chemical composition of the solid solution 
would influence how large the peak shift would be from the pure substances. For example, a 
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solid solution with the composition Zr(N0.9C0.1) would produce peaks rather close in angle to 
that of pure ZrN while Zr(N0.1C0.9) would be shifted much closer to the peaks of pure ZrC. 
In cubic crystal systems all side lengths of the smallest repeating unit defining the crystal 
structure will be the same. For a cubic crystal system it is thus possible to define a lattice 
parameter which defines the side length of the repeating cube. Two different chemical 
compounds crystallizing within the same cubic crystal structure such as ZrC and ZrN will 
thus still have different lattice parameters. Lattice parameters are estimated by calculation 
from individual peaks at high angles and averaged from the results. The peaks utilized for 
lattice parameter determination should occur at sufficientl  high 2Θ angle to be able to 
distinguish between the kα 1 and 2 peaks for maximal precision. Since the diffraction peaks 
shift with changing composition of a solid solution, the lattice parameter can thus be used to 
estimate the chemical composition of the measured material. It should be kept in mind, 
however, that XRD is a surface-sensitive technique. Therefore the chemical composition 
obtained by this type of methodology provides an estimate of the surface composition, which 
may differ from the actual composition of the material in the bulk.  
One way to estimate the composition of a solid solution by determination of lattice parameter 
is to perform a linear interpolation between the lattice parameter of the compounds in the 
solid solution  This is kno n as Vegard’s la   For a binar  solid solution compound Vegard’s 
law is mathematically expressed as 
    
 (   )    
       (eq. 1) 
where a denotes the lattice constant of the sample, a
0
A the lattice constant of pure substance 
A, a
0
B the lattice constant of pure substance B and X the molar fraction of substance B in the 
sample. 
The problem  ith Vegard’s la  is that even if an idealized solid solution is to be considered, 
Vegard’s la  cannot be considered a true relation but can onl  be regarded as an 
approximation [J     ]  Bearing this in mind, Vegard’s la  can still be used for estimations 
of chemical composition, especially in cases where the considered material consists of a 
dominant part of one of the compounds in the solid solution and the second compound is 
present in lower mole fractions. 
3.6.4. XRD measurements 
XRD measurements have been performed on produced nitride pellets. The instrument used 
was a BRUKER D2 PHASER. The measured sample was placed in a sample holder. No 
height-adjusting mechanisms were available either on the sample holder or in the XRD 
measurement chamber. Therefore no exact equalization of the sample and holder height was 
possible. An inlay in the sample holder was used to correct the pellet surface heights, but 
since the produced pellets are of only approximately the same size the height correction was 
not optimal for every pellet measured. The height difference between the sample holder edge 
and the sample surface varied within ± 1 mm. 
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Monochromatic Cu kα  -ra s  ere used in measuring the sample  The rotation speed of the 
sample holder  as       min  For identification of characteristic peaks a measurement angle 
interval of 2  –     2Θ was used. When obtaining data for determination of lattice parameters, 
the measurement angle interval  as increased to 2  –      2Θ  
3.6.5. Analytical methods for light element quantification 
Quantification of elemental composition regarding light elements such as H, N, O and C can 
be performed by combustion techniques. The measurements that have been performed using 
these techniques have utilized analytical equipment produced by LECO Corporation. The 
methods described within this section therefore focus on the principles that the used 
equipment utilizes. The descriptions and detection methods mentioned are thus not 
necessarily universal for every kind of combustion. 
Determination of carbon content in a sample can be performed by combustion of the sample 
with oxygen as carrier gas. The carbon forms CO and CO2 and before detection using 
catalyzer to form CO2 which is then detected by infrared absorption. 
Determination of N, O and H is performed by degassing the elements at high temperature in 
an inert gas stream such as argon or helium. When measuring, the sample is placed in an 
aluminum foil. The foil is subsequently put in a nickel coil. The nickel coil will aid the sample 
to melt properly during heating in an inert atmosphere. The foil + coil sample is put in a 
graphite crucible which is inserted into the measurement apparatus. During heating the 
nitrogen in the sample will form N2 while H and O will form chemical species such as H2O, 
CO and CO2. The oxygen and hydrogen containing species are detected by infrared 
absorption while N2 is detected by heat conductivity measurements of the flowing gas stream.  
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4. Experimental procedures 
 
4.1. Preparation of zirconium sols  
When producing sols for gelation of zirconium containing microspheres, zirconylchloride 
tetrahydrate (ZrOCl2 ∙ 4 2O,  lfa  roducts   as dissolved into Q  ater     2 Ω   Then 
carbon containing material was added to the solution. To get the NO3
-
/Zr ratio to the desired 
level HNO3 (Sigma – Aldrich) was added to the solution. To increase the stability of the 
particle dispersions a dispersion agent was added to the solution, the dispersion agent that has 
been most commonly used during experiments is Triton X-100 (t –
octylphenoxypolyethoxyethanol, Sigma-Aldrich), which is a non-ionic surfactant. Normally 
ionic surfactants are considered to be more efficient dispersion agents than non-ionic ones, 
and there are ionic surfactants that can disperse higher amounts of CNT than Triton X-100, 
can such as sodium dodecylbenzene sulfonate [ISL 03]. The reason for choosing a non-ionic 
surfactant instead of an ionic one is that the ionic surfactants becomes ineffective in solutions 
containing high salt concentrations due to screening effects of the electrical double layers 
forming when the surfactants adsorb onto the particle surfaces. 
The sol is cooled to 4   and mixed b  magnetic stirring before addition of urea   igma – 
Aldrich) and HMTA (Aldrich) was started. Urea is added first and allowed to dissolve 
completely before HMTA is added; a urea/Zr ratio of 2 has been used in the gelation 
experiments where zirconium gels have been produced. The HMTA/Zr ratio used during 
gelation experiments was 0.7, and the HMTA was added by small amounts at a time to allow 
it to be mixed into the sol. The HMTA dissolved rather slowly in cold aqueous media, and  
rapid addition of HMTA resulted in a large lump of HMTA instead of fine particles and 
dissolution times became considerably longer than expected. 
 
 
 
 
 
 
 
 
 
 
26 
 
The experimental set-up of the internal sol gel equipment used during gelation experiments is 
presented in Figure 3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. The experimental set-up of the inactive/low-active internal sol gel equipment. 
Experiments have been carried out by mounting a syringe filled with the cooled sol gel feed 
broth into the syringe pump and pumping the sol through a nozzle, forming droplets that fell 
down into the heated silicone oil container. The pump speed investigated during gelation 
experiments was varied between 10 and 25 ml/h. 
During some experiments a permanent magnet vibrator was connected to the nozzle in order 
to produce smaller droplets and control the size of the formed microspheres. The frequency of 
the oscillations was varied between 0 and 100 Hz. 
 
4.2. Water migration to the silicone oil 
An experiment was performed in order to establish if the addition of surfactant to the sol 
caused migration of water residing in surfactant micelles into the oil. A sol consisting of water 
CNT and Triton X-100 was contacted with Rhodorsil silicone oil 1000  c t  heated to      
and mixed for a few minutes. The produced slurry was left to cool and phase separate. 
Samples of the silicone oil were withdrawn and density was measured using a calibrated 
density probe (SIGMA, 701) and a microbalance. The density measured was then compared 
to that of unused silicone oil whose density had been measured using the same equipment. 
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4.3. Preparation of uranium containing sols 
Several different methods to prepare ADUN solution was investigated; dissolution of UO2 in 
HNO3, dissolution of U3O8 in HNO3 and dissolution of uranyl nitrate (UO2(NO3)2∙6H2O, 
Fluka Analytical) in MQ followed by NO3
-
/U ratio correction by addition of UO3 (produced 
in-house) to the solution. 
Several different gelation conditions with respect to urea and HMTA addition were 
investigated. The work of Vaidya et.al. [VAI 87, VAI 08] was used as a reference for gelation 
field diagrams regarding the U, urea and HMTA composition of the sols. No carbon addition, 
and thus no surfactant, was used when making sol gel on the uranium based sols; otherwise 
the preparation of the sol follo ed the same general procedure as during preparation of the 
zirconium sols  The sol as cooled do n to 4   before urea and   T   as added, and 
identical silicone oil was used in the gelation column. 
 
4.4. Nitridation of zirconium microspheres 
When nitriding the formed zirconium containing microspheres, the dried microspheres were 
placed in a molybdenum metal crucible and placed in a graphite resistor-heated 
high-temperature furnace  ith a maximum operating temperature of 2       Figure 4 . The 
furnace temperature regulation consisted of a mol bdenum thermocouple up to       ,  oint 
temperature measurements of the thermocouple and a t o-color p rometer bet een      – 
 4       bove  4     the mol bdenum thermocouple is  ithdra n and the p rometer 
regulates the furnace alone.  
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Figure 4. High-temperature graphite-heated furnace used for nitridation of produced Zr + C containing 
microspheres 
After insertion of sample in the furnace, it was evacuated and refilled with inert gas. The 
furnace is placed in a glove box, and when the glove box was in operation and maintained a 
reasonably pure nitrogen environment (up to maximum around 10 000 ppm of oxygen) the 
furnace was evacuated and refilled three times in a row to ensure an oxygen-free environment 
in the furnace. When the atmosphere control of the box was turned off and the box 
atmosphere was air, the evacuation and refilling of the furnace was performed at least five 
times to ensure an oxygen-free atmosphere in the furnace. The gases used for nitridation 
experiments were either nitrogen from the in-house nitrogen gas system (99.996 % N2, gas 
supplier      or nitrogen containing    h drogen   ir Liquid, gas grade Blue   The 
material  as first heated to       and held for 2 hours in order to evaporate break do n 
residues in the microspheres such as urea, HMTA, water and NH4NO3. The NH4NO3 comes 
from the washing and ageing step of the microspheres where the NO3
-
 containing 
microspheres are washed in NH4OH (aq). 
The microspheres were then heated to between 1400 and 180    and nitriding  as performed 
either in a single step at a temperature in this interval or first at a temperature at the lower end 
of the range and then a second step at the higher end of the range. The point of or idea behind 
using two separate heating intervals is to first form the nitride at the lower temperature and 
burn off the residual carbon through formation of HCN and short-chain hydrocarbons such as 
CH4 at the higher temperature step. The higher temperature step is sometimes referred to as 
the decarburization step. 
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4.5. Pressing of ZrN pellets and sintering 
Pellets were pressed from produced nitride microspheres using a manual hydraulic press and 
pressing tools made of tungsten carbide. The pressing dye used had a diameter of 9 mm, and 
the material was pressed without any addition of lubricant. The pressure used was 1.23 GPa. 
Most of the pellets produced have been pressed from microspheres of a diameter of about 1 
mm. This is because there were problems with producing large enough batches of 
microspheres of reduced size that were sufficiently good in homogeneity and quality to be 
comparable to each other during nitridation. 
Sintering was performed in an N2 atmosphere, and sintering temperatures used ranged 
bet een      – 2       During sintering the  r  pellet stood on a mol bdenum metal disc in 
the furnace  The heating rate used during sintering experiments  as      min and the heat 
treatment time used at the set temperature was 5 hours. 
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5. Results and Discussion 
 
5.1. Carbon stabilization by addition of dispersion agent 
In order to increase the settling time, different dispersion agents were tried. Carbon nanotubes 
are very hydrophobic and will settle quickly if no dispersion aid is used. The carbon particle 
materials tried as additions to the sols were not equally fast in settling but were still fast 
enough to require addition of dispersion agents. The nonionic surfactant Triton X-100 was 
chosen as primary dispersion agent due to the high salt concentration of the system. There are 
many other nonionic surfactants, but Triton X-100 was chosen due to the fact that it has 
previously shown the ability to disperse CNTs [RIG 00]. Figure 5 displays the result of 
leaving a CNT dispersion without any surfactant addition to settle; the settling time for the 
CNTs was estimated to be on the second scale, in the best case no more than half a minute. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Result of trying to disperse CNT in aqueous media without addition of any surfactant. 
When Triton X-100 was added to the solution the stability of the dispersions increased 
strongly for the CNT and the CNP materials. For the coarser carbon powder, however, the 
stability increase was quite small. This is because the settling time of a dispersion is inversely 
proportional to the square of the diameter of the dispersed media (solids or droplets) 
[HOL 03], and when the particles become too large the surface-to-volume ratio becomes too 
small for any dispersion agent to produce any significant prolongation of the settling time. 
Addition of 2 weight-% of Triton X-100 to the aqueous solution greatly increased the 
suspension stability of both the CNT and the CNP dispersion. 
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Figure 6. Carbon nanotube suspension using Triton X-100 as dispersion agent. 
With the use of Triton X-100 as dispersion agent, the resulting particle suspension showed a 
substantial increase in settling time, and it was regarded as being good enough for use for 
production of microspheres using the internal sol gel procedure. It has been reported in the 
literature [RIG 00] that a 5% Triton X-100 solution can produce a good CNT suspension, the 
reason for using a lower amount of surfactant when producing the sol for the internal sol gel 
process being to minimize the risk of leakage of water into the silicone oil during the gelation 
step by transfer of water within micelles formed by the surfactant. 
 
5.2. Water leakage into silicone oil 
In order to determine if water to any larger extent was transferred into the silicone oil, a 
solution of CNT, water and Triton X-100 was prepared and shaken together with the silicone 
oil (Rhodorsil silicone oil 47). The mixture was left to settle and the silicone oil was separated 
from the aqueous phase and no trace of water emulsion or CNT could be detected in the oil by 
visual inspection. Density measurements were performed on the silicone oil that had been 
mixed with the CNT suspended aqueous phase and compared to density measurements of 
silicone oil directly taken from its container, the results are presented in Table 2. 
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Table 2. Density measurements on unused silicone oil compared to silicone oil that has been mixed and 
separated from aqueous solution containing water, Triton X-100 and CNT. 
Density mixed silicone oil  g∙cm-3) Densit  unused silicone oil  g∙cm-3) 
0.968 0.971 
0.968 0.972 
0.969 0.973 
0.971 0.978 
0.969 0.985 
Average Average 
0.969 0.9758 
Standard deviation Standard deviation 
0.0012 0.0058 
 
No significant different in density could be detected, and together with the visual inspection 
of the separated silicone oil this was interpreted as indicating that the leakage of aqueous 
medium into the silicone oil was tolerably small if any. 
 
5.3. Gelation of zirconium-containing microspheres 
 
5.3.1. Effect of nozzle vibration 
When no vibration of the nozzle was used, the formed microspheres had a size of about 1 mm 
in diameter when washed and dried. Figures 7 and 8 show produced microspheres as they 
look just after washing and once they are dried. 
 
 
 
 
 
 
 
 
 
 
Figure 7. Picture of produced zirconium + CNT microspheres after washing in petroleum ether and aqueous 
ammonia and ageing in aqueous ammonia. 
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Figure 8.  Picture of microspheres containing zirconium and CNT after drying. 
 
By applying vibration to the nozzle in the sol gel process, beads smaller than the millimeter-
sized ones can be produced. Microspheres down to the range of 50 –     μm in diameter have 
been produced. There is still a problem, however, in obtaining small microspheres with a 
narrow size distribution. This is partly due to adjusting the sol flow through the nozzle since 
to rapid flow seeming to cause a slow build-up on the nozzle tip culminating in the formation 
of larger droplets falling into the gelation column. It was observed that every drop needs a 
certain amount of time to sink through the silicone oil surface layer. If the droplets hit the 
surface of the oil too close to each other they will merge and form larger droplets. This is one 
of the downsides in using an experimental set-up utilizing a stationary gelation column to 
produce the microspheres. Work that has been performed on the internal sol gel process 
elsewhere [POU 09] has solved this problem by dripping the sol into a laminar jet stream of 
silicone oil followed by separation and recirculation of the silicone oil. This type of set-up 
may have benefits when it comes to production speed capability but requires much more 
equipment and space for set-up than using a stationary gelation column. 
Small microspheres produced by the oscillating nozzle technique can be seen in Figure 9; the 
microspheres still seem to show good carbon dispersion in the gelled spheres, but the 
microsphere size distribution can be enhanced.   
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Figure 9. Microspheres produced by oscillating nozzle technique. The microspheres do not show any 
agglomerates of carbon nanotubes, but the internal size variation among the microspheres can be quite large. 
5.3.2. Effects of carbon addition to the sol 
When the coarser carbon powder was used as carbon addition, settling of the powder occurred 
both in the syringe during gelation and in the droplets during gelation. This resulted in 
microspheres that displayed a very uneven distribution of the carbon content. As is shown in 
Figure 10, this uneven carbon distribution could be very clearly detected by SEM 
characterization of the produced microspheres, especially when smaller microspheres were 
produced using vibration of the nozzle in the sol gel process. 
 
 
 
 
 
 
 
 
 
 
Figure 10. Zirconium containing microsphere produced with a coarser graphite po der  about    μm size 
particles). The uneven carbon distribution makes the material impractical for carbothermal reduction. 
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This result disqualified the graphite powder as a candidate material for producing 
microspheres suitable for carbothermal reduction since materials with more homogeneous 
carbon distribution are more favorable for producing nitrides without high concentration 
clusters of carbon and oxygen remaining in the microspheres. 
When CNT or CNP was used as carbon source the resulting microspheres showed a much 
more homogeneous carbon distribution during SEM characterization, as can be seen in 
Figure 11. 
  
 
 
 
 
 
 
 
Figure 11. To the left microsphere containing CNT and to the right microsphere containing CNP as carbon 
addition. 
  
5.4. Gelation of uranium containing microspheres 
Preparation of ADUN solution was performed, and some gelation studies to find a suitable sol 
mixture were performed. The ADUN solution was prepared by dissolving UO2(NO3)2∙6H2O 
in water and adjusting the NO3
-
/U ratio by addition of UO3. No carbon addition or vibration of 
the nozzle during gelation was performed on uranium containing sols. Instead several 
different concentrations of uranium in the sol were tried using the gelation field diagrams 
produced by Vaidya et.al [VAI 87, VAI 08] as a template for preparation of uranium based 
microspheres. 
The gelation step of the microsphere preparation was in general quite straightforward to 
perform, and a typical result can be seen in Figure 12. 
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Figure 12. Gelled uranium microspheres produced by internal sol gel technique. Beads have been washed in 
petroleum ether and ammonium hydroxide and are left for drying. 
Several of the examined gelation conditions produce microspheres similar to those seen in 
Figure 12. The problem encountered, however, comes during washing of the microspheres 
when they seem to peptize. The result after drying is often quite fragile microspheres which 
tend to leave quite a lot of dust during handling, Figure 13 shows the microspheres after 
drying in air at room temperature. 
 
 
 
 
 
 
 
 
Figure 13. The figure shows a typical result after drying the microspheres; a large number of fine particles have 
fallen off and the microspheres overall are quite prone to mechanical damage. 
This peptizing kind of behavior has not been observed in every gelation experiment, however. 
Experiments starting from a 1.3 M uranium solution produced microspheres that during SEM 
characterization seemed to avoid any large degree of erosion of material from the 
microspheres, as can be seen in Figure 14. 
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Figure 14. Solid uranium microsphere formed from a 1.3 M uranium solution by the internal sol gel technique. 
The left part of the image presents the entire microsphere while the right image displays a closer examination of 
the surface structure of the microsphere. 
The surface structure of the microsphere depicted in Figure 14 shows a very dense and 
smooth structure compared to the microspheres in Figure 15, which is an example of how the 
structure could look in microspheres that eroded during washing. 
Figure 15. Close observations of the microspheres that eroded during washing revealed a much more grainy 
structure compared to the non-eroding microspheres in Figure 14. 
 
The composition of the sol is not, however, the only thing that affects the outcome of the 
gelation process. What temperature the sol is kept at when cooled, how long the sol stays in 
the syringe before being introduced into the silicone oil and what temperature the silicone oil 
has also affect the outcome. What is generally desired in a sol is that after addition of urea and 
HMTA it forms a clear solution. If the sol turns opaque during cooling or in the syringe, small 
light scattering clusters have formed in the sol, and no good gelation results have been 
observed to date. During gelation the formed microspheres can take on a different color 
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ranging from bright yellow to orange, depending on what crystallite size and morphology 
form in the microsphere during gelation. Pale yellow color of the uranium microspheres 
indicates large crystals sizes and large pores, while a darker, more orange color indicates 
higher densities and smaller crystals or amorphous structure [COL 04].   
5.5. Nitriding of zirconium containing microspheres 
The result of a nitriding experiment performed on zirconium containing microspheres that 
 as done at        can be seen in Figure      
 
 
 
 
 
 
 
 
Figure 16. aterial produced b  carbothermal reduction at         
SEM characterization of the material revealed a large degree of porosity and fracturing in the 
microspheres  This is believed to be caused during the heating step at        hen the residual 
materials are removed as gas from the microspheres  The heating ramp used  as 2    per 
minute, which probably causes the gasification of the residual chemicals to proceed fast 
enough to cause cracking of the microspheres.  
Energy dispersive X-ray spectroscopy (EDX) was used to investigate the elemental 
composition of the surface of the material, and the results are presented in Table 3. 
Table 3. Results of EDX measurements performed on the first batch of nitride material. 
Element Series Composition (at. %) Uncertainty (%) 
Zirconium L – series 24.3 3.1 
Carbon K – series 51.4 3.5 
Nitrogen K – series 19.0 1.9 
Oxygen K – series 5.2 0.7 
Silicon K – series 0.1 0.0 
 
These results were interpreted as being very strange. According to Table 3 there is about 
twice as much carbon in the material compared to zirconium. The carbon-to-zirconium ratio 
in the sol when the material was gelled was 2.3, and for every nitrogen atom added to the 
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material during nitriding two carbon atoms are removed as CO. Since the nitrogen-to-
zirconium ratio is almost 1 according to the EDX measurement, this should mean that there 
could not possibly be twice as much carbon as zirconium remaining. This could possibly be 
explained by a surface covering of the microspheres with extra carbon transported there by 
reactions 13 – 15 from the graphite heating element. This would mean that the surface 
analysis provided by EDX would produce measurements that do not represent the 
composition of the bulk material. Another possibility is that the EDX application is simply 
measuring incorrectly. EDX is known to be less efficient when it comes to quantifying light 
elements such as carbon, nitrogen and oxygen compared to when measuring heavier elements; 
for optimal results measurements should also be done on flat smooth surfaces. Quite a large 
number of EDX measurements have been performed on both dried untreated microspheres 
and nitride microspheres, and results during measurements have indicated that EDX is a 
difficult technique to use to obtain good estimates of the elemental composition with respect 
to the lighter elements present in the materials. An example of this is when measurements 
have been performed on some nitride samples. The oxygen content measured in these nitrides 
has been highly dependent on the measurement time. At first the EDX have shown no trace of 
oxygen up to the point when the EDX has obtained enough data to make a quantification, 
however if measurements are continued anyway for a short time the EDX will claim the 
presence of oxygen in the sample. The point where the EDX started observing oxygen also 
seemed to contain a threshold level, resulting in the registered oxygen level being zero until 
this point was reached, where it immediately increased to around 3 atomic percent. This kind 
of stepwise behavior also strengthened the conclusion that EDX could not be used as a 
reliable tool for quantitative elemental analysis of the produced nitrides. 
To be able to make more precise measurements of the elemental composition in the produced 
nitrides, samples of two different nitridation experiments were taken to an external lab for 
analysis using high temperature LECO elemental analyzers. N, O and H content was 
determined by heating the sample in a graphite crucible under an argon atmosphere. The 
analyzers were calibrated using standards containing known amounts of the elements. The O 
and H were detected by infrared spectrometry as H2O, CO and CO2, for determination of 
nitrogen content, and heat conductivity detectors was used to measure N2 in the argon stream. 
One sample of microspheres using CNT as carbon source and one sample containing CNP 
was brought for analysis and the result is presented in Table 4. The uncertainties in Table 4 
are presented as ± 2σ  
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Table 4. Results from performed measurements on chemical composition  
 Element (weight fraction) 
Sample O N C H Zr 
Zr + CNT 
Microspheres 
0.356 % 10.5 % 2.96 % 90 ppm 86.2 % 
Zr + CNP 
Microspheres 
0.22 ± 0.02% 
 
9.34 ± 0.02% 3.67 % 73 ± 6.4 ppm 86.8 % 
  
It should be noticed that uncertainty is only given for N, O and H content in the Zr + CNP 
sample. This is because insufficient material was present to perform triplicate measurements 
on the Zr + CNT sample. When measuring carbon content, sufficient material of the Zr + 
CNP sample was present to allow duplicate measurement. Therefore no standard deviation 
could be calculated, but it showed that the measurement data obtained was not totally 
arbitrary. There was also insufficient material to produce triplicate measurements on the 
carbon composition of the Zr + CNT sample. 
On the assumption that N, O and H are only present in the material as bonded to zirconium 
and that carbon can be present both as carbide and as free amorphous carbon, an approximate 
chemical composition is obtained of Zr(N0.79C0.17O0.024H0.009) for the nitride produced by 
carbothermal reduction with CNT and Zr(N0.70C0.28O0.014H0.008) when CNP was used. These 
results are considered to be much more credible than the results provided by EDX 
measurements since they measure the entire sample put into the machine and not just the 
surface and also because the equipment was calibrated using standards of known composition. 
It thus seems that it is more of a carbo-nitride than a pure nitride that has formed during the 
nitridation step. 
 
5.6. Sintering of pellets  
 fter pressing and sintering for   hours at 2      in an  2 atmosphere, a nitride pellet 
typically looks as depicted in Figure 17. The produced pellet displayed what is referred to as a 
blackberry structure which could also be observed after sintering. A blackberry type of 
structure is a structure where the individual microspheres do not completely disintegrate 
during pressing but leave a spherical pattern in the pellet. 
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Figure 17.  r  pellet sintered for   hours at 2      in an  2 atmosphere. 
The yellowish part of the pellet has a color that is usually seen in ZrN, and it was that side that 
was standing on the molybdenum plate while the red side was exposed to the furnace 
atmosphere during the sintering step. This result was interpreted as being either the formation 
of some strange phase on the top of the pellet from impurities in the nitrogen gas used in the 
furnace or a morphology issue caused by the temperature used. 
A new pellet was pressed and sintered in an N2 atmosphere still using the in-house N2 system 
for supplying N2, and the sintering temperature  as lo ered to         
 
 
 
 
 
 
 
Figure 18.  r  pellet sintered for   hours at         
The densification of the pellet  as much smaller compared to  hen sintering at 2     , and it 
basically retained the physical dimensions it had prior to the sintering step. However, the red 
on the surface still remained, although less pronounced than in the previous pellet. This 
behavior led to the conclusion that it was probably not just a temperature phenomenon since 
nitridations have been carried out up to the same temperature  ithout observations of this red 
surface   n order to check that there  as no impurit  in the supplied gas for the furnace 
another pellet  as pressed and sintered at 2       This time the gas used was high purity N2 
(99.9999 %, Air Liquide) and the flow rate through the furnace was lowered to have as few 
impurities in the furnace as possible. The result can be seen in Figure 19. 
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Figure 19. Result after 5 h sintering at 2000  C using 99.9999 % pure N2 as sintering atmosphere. 
This time the top side of the pellet became almost black. This was interpreted as indicating 
that the problem is not due to the gas used in the furnace but to the furnace itself. The dark 
phase was believed to be carbon transported as CN compounds from the graphite heating 
resistor and deposited on the pellet. The reason why a darker phase was obtained on the pellet 
compared to the pellet in Figure 17 would then be that less carbon from the furnace reaches 
the pellet but is transported away in the higher gas flow used during that sintering experiment 
(0.22 dm
3
/min and 0.1 dm
3
/min respectively). SEM and EDX characterizations have been 
performed on the pellets and the red side of the pellets show higher carbon content than the 
yellow side. The data from the EDX measurements are presented in Table 5 and is presented 
as atomic percent. Since EDX has been deemed to be a technique not really suitable for 
analysis of light elements such as N and C, this was not taken as proof of the hypothesis but 
rather as an argument for investigating the hypothesis further. 
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Table 5. Results from EDX measurements on the sintered ZrN pellets; the elemental composition is presented as 
atomic percent. 
Sintering 
condition 
Zirconium Carbon Nitrogen Oxygen 
2      high 
purityN2 
yellow side 
39.7 ± 3.3 25.9 ± 1.2 34.4 ± 1.8 Not detected 
2      high 
purity N2 red 
side 
38.4 ± 3.3 34.2 ± 1.5 21.9 ± 1.2 5.5 ± 0.4 
2      in 
house N2 
yellow side 
38.9 ± 3.2 23.3 ± 1.2 34.5 ± 1.9 3.4 ± 0.2 
2      in 
house N2 red 
side 
38.5 ± 3.3 31.4 ± 1.6 21.1 ± 1.3 9.0 ± 0.7 
       in 
house N2 
yellow side 
40.0 ± 3.4 23.1 ± 2.0 36.9 ± 1.2 Not detected 
       in 
house N2 red 
side 
37.9 ± 3.4 26.7 ± 1.5 26.2 ± 1.8 9.2 ± 0.8 
 
X-ray diffraction (XRD) was performed on both the yellow and red sides of the pellet sintered 
in high purity N2, and the diffractogram is presented in Figure 20. 
 
 
Figure 20. Diffractograms for both the red and the yellow side of the pellet sintered in high purity N2. 
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The extended angle   D measurements up to      2Θ for the  r  sintered in high purit   2 
are presented in Appendix I. From these data the lattice constant for the yellow side is 
calculated to be 4     ±   4 ∙   -4 Å and for the red side 4  44 ±      ∙   -2 Å. The tabled 
lattice parameter for sub-stoichiometric zirconium nitride (ZrN0.93) is 4.5755 Å [HEL 78] and 
theoretically calculated for ZrN is 4.59 Å [SAH 10]. The lattice constant for ZrC is 4.698 Å 
[KEM 60]. Since both ZrN and ZrC adopt NaCl-fcc crystal structure, the mixture in a solid 
solution of these two compounds will have a lattice parameter between the two of the pure 
substances, and the red side shows a larger shift towards the carbide lattice constant than the 
yellow side. It is thus reasonable to assume that if the red side of the pellet contains a larger 
amount of carbide than the yellow side, it must have formed during sintering, and this would 
indicate transportation of carbon from the furnace to the surface of the pellet. If it is assumed 
that the system studied can be regarded as being a binary solid solution between ZrN and ZrC, 
Vegard’s la  predicts that the  ello  side of the pellet, i e  the side that has not been in direct 
contact with the sintering atmosphere, would have the composition Zr(N0.82C0.18). The 
sintered pellet in Figure 19 was pressed from the same batch material as the Zr + CNT sample 
measured for C, N, O and H content in Table 4. Thus the result obtained by XRD agrees well 
with the structure estimated by elemental analysis. The application of Vegard’s la  to the red 
side of the pellet, assuming it consists of carbide and nitride, predicted a structure of 
Zr(N0.45C0.55). These results should be interpreted very cautiously, however, partly since the 
calculation predicts a more or less 50 – 50 composition which is in the region where the 
uncertainties connected to the use of Vegard’s la  ought to be greatest [J     ]   nother 
reason for caution is that the data evaluation suggested that the red side could contain Zr(C, 
O) or ternar   r  ,  , O  structures  Vegard’s la  treats binar  solid solutions; therefore it is 
thus not really possible to estimate the compositions of a three-component system since 
several different N, C and O combinations could produce very similar shifts in the 
diffractogram. 
 loser investigations of the blackberr  structures formed in the pellets pressed  ere 
performed using     imaging  The surface structure of the pellet sintered at 2      under 
in-house N2 gas is shown in Figures 21 and 22. 
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Figure 21. Blackberry structure of the pressed and sintered pellet. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 22. Microstructure on the surface of the sintered pellet. 
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Figures 21 and 22 are images produced by analysis of the surface of the pellet that had been 
on the molybdenum plate during sintering. Investigations of the top of the pellet revealed a 
surface structure that appeared to be identical to the structure of the bottom, so imaging of that 
side is omitted. Figure 21 reveals clear boundaries between the individual microspheres. This 
behavior indicates that the sintering step has not been able to fuse the individual microspheres 
properly and represents an unwanted structure since it will be a rather difficult task to produce 
pellets of high density if the microspheres cannot be sintered together properly. This kind of 
structure will also probably have an adverse impact on properties such as thermal conductivity 
and fission gas retention. It will probably be necessary to greatly reduce the size of the 
microspheres in order to reduce the average boundary distance between the microspheres. An 
option would be if the nitride microspheres could be produced with sufficiently low crush 
strength to completely disintegrate during pressing. However, there would still be a problem 
with packing the microspheres closely in the pressing die if using mm-sized spheres. Figure 
22 reveals that the surface is filled with small pores distributed across the surface of the pellet. 
In Figure 23 it can be seen that the pores in Figure 22 are of the order of about 1 µm and there 
appear to be absences of individual grains in the structure. 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 23. Open porosity of µm scale could be detected on the surface of the pellet. 
The reason for this structure can hardly be explained by the size of the microspheres used. 
Possible reasons could be that the nitridation reaction has not reached completion and that 
additional nitride has formed during sintering. If this is the case, additional CO gas has 
evolved in the pellet while sintering and outflow of gas from the pellet may inhibit the 
sintering process. 
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The result of sintering at        is presented in Figure 24  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24. Examination of the pellet surface revealed a structure that appears to hardly have sintered at all. 
The pellet does not seem to have sintered to an  large degree at all   t does, ho ever, sho  
that there is a significant difference bet een sintering at        and 2       2      is a quite 
high sintering temperature, and        is closer to sintering temperatures encountered in the 
literature        ,   r0.8,U0.2)N material) [BUR 01], where it appears to have been applied 
successfully. The reason for the less efficient sintering observed during these experiments is 
most likely that powders have been used in the literature encountered. Pressing from powders 
will effectively minimize the sizes of the pores present in the material prior to sintering and 
thereby also greatly reduce the diffusion distances. It is, of course, difficult to make a direct 
comparison with a published paper where 20% uranium has been present in the nitride 
material, although when looking at the neck growth that has occurred between the 
microspheres in Figure 24 the argument still holds since it is clear that some consolidation of 
the microspheres has occurred  The result of the        sintering should therefore not be 
interpreted as proof that sintering at this temperature would be insufficient, but rather as an 
indication that size reduction of the microspheres used during pelletization is necessary in 
order to produce good-quality pellets.  
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6. Conclusions 
 
Sol gel-derived microspheres containing zirconium and carbon as a precursor material for 
ZrN formation have been produced. Different carbon additions were tested for suitability as 
carbon sources during the internal sol gel process, and the use of Triton X-100 as dispersion 
agent has so far appeared successful. The size of the microspheres produced can be affected 
by nozzle vibrations, however further optimization to improve size homogeneity is required. 
The purity reached of produced nitrides has been determined to be in the range of about 
Zr(N0.7C0.3) to Zr(N0.8C0.2) with some additional carbon remaining as elemental carbon and 
also some residual oxygen contamination. It is difficult to draw any definitive conclusion 
about the oxygen level measured since microspheres were stored in air for extended time 
periods prior to measuring. The residual level of carbon suggests that the C/Zr ratio of 2.3 
used during nitridation experiments could be lowered to some degree in order to reduce the 
carbon content in the final product. 
Sintering of nitride pellets at high temperatures in N2 produced a reddish surface on the pellet 
surface facing the sintering atmosphere. XRD characterization suggests this surface being 
covered with either carbo-nitride, oxy-carbide or a ternary Zr(N, O, C) composition. The 
surface of the pellet on the molybdenum plate during sintering seems to be unaffected in 
chemical composition by the heat treatment.  
 intering performed at 2      produced a clear sintering effect compared to sintering at 
      , although neck gro th also occurred to a limited degree at this temperature  The 
sintered pellets displayed quite pronounced boundaries bet een individual microspheres in 
the blackberr  structure even  hen sintering at 2       This suggests that a reduction in the 
size of the microspheres may be beneficial in order to achieve less space between the 
individual microspheres and improve sintering. Another option would be production of 
microspheres with sufficiently low crush strength to disintegrate during pelletization. 
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7. Future work 
 
Continuation of this work will include further optimization of the size and size distribution 
control of microspheres produced by the internal sol gel technique. 
Another feature to be investigated is the nitride purity and pelletization properties as a 
function of microsphere size during specified process conditions. 
Sintering studies will be continued, investigating densification behavior depending on 
microsphere size, crushability during pressing and sintering atmosphere. 
Introduction of plutonium into the sol gel feed broth for the production and characterization of 
(Zr, Pu)N fuel pellets. 
Since no detailed chemistry could be found in the literature regarding internal sol gel with 
only plutonium as metallic specie present in the sol it would be interesting to study these 
types of systems. 
It may perhaps also be possible to investigate the thermal conductivities of fuel pellets 
produced by the internal sol gel technique and study the influence of not only density but also 
internal pellet morphology on thermal conductivity. 
If possible it would also be interesting to examine the sintering properties of ZrN pellets 
pressed from microspheres by spark plasma sintering. 
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10. List of abbreviations 
 
ADUN Acid Deficient Uranyl Nitrate 
BWR Boiling Water Reactor 
CNP Carbon NanoPowder 
CNT Carbon NanoTubes 
DPA Dislocations Per Atom 
EDX Energy Dispersive X-ray spectroscopy 
HMTA HexaMethyleneTetrAmine 
IMF Inert Matrix Fuel 
LMFBR Liquid Metal Fast Breeder Reactor 
MOX Mixed OXide (fuel) 
PCMI Pellet Cladding Mechanical Interaction 
PWR Pressurized Water Reactor 
SEM Scanning Electron Microscopy 
TD Theoretical Density 
XRD X-Ray Diffraction 
2EH 2-Ethyl-1-Hexanol 
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Appendix I 
ZrN sintered in high purity N2, “yellow side” 
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ZrN sintered in high purity N2 “red side” 
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ZrN sintered in high purity N2 “both sides” 
 
